Landfill leachate is highly polluted wastewater and generated as a result of water infiltration through solid waste produced domestically and industrially. This study investigates the potential use of oil palm trunk starch (OPTS) and crosslinks oil palm trunk starch (C-OPTS) as coagulant and coagulant aid in tandem with polyaluminum chloride (PAC) for the treatment of landfill leachate. As primary coagulant, the optimum pH and dosage for OPTC were 7 and 500 mg/L, respectively. For C-OPTS, the optimum conditions were pH 8.3 and 1,000 mg/L C-OPTS dosage. However, the optimum conditions for PAC were pH 7 and 8,000 mg/L PAC dosage. Results show that OPTS demonstrated superior feasibility as a selective coagulant targeting heavy metals such as Mn (100% removal), Cu (95.6% removal), Zn (100% removal), and PO 4 3À (100% removal), whereas C-OPTS can be employed as both bulk and selective coagulants. On the other hand, C-OPTS prevailed over PAC in Mn, Zn, PO 4 3À , and chemical oxygen demand (COD) removals by huge margins of 100%, 54.8%, 24.3%, and 17.1%, respectively, without any pH adjustments and with optimum dosage 87.5% lower than that of PAC.
INTRODUCTION
Landfill is the most widely accepted and prevalent method for municipal solid waste (MSW) disposal in developing countries around the world due to its inherent strength in terms of cost saving and simpler operational mechanism To protect groundwater and adjacent surface water from leachate pollution, the handling and treatment of leachate must be meticulously designed to minimize its potentially adverse effects (Agamuthu & Fauziah ) . Biological treatment is an environmentally friendly process that can be applied for the treatment of various types of generated leachate. However, it is ineffective for old leachate, which usually contains high COD and ammonium content, low biodegradability (high COD/BOD ratio), and multiple reactor landfills contain contaminant leachate, collection and in situ recirculation for acceleration of decomposition of readily available organic fractions of wastes, leachate NH 3 -N concentrations may accumulate to produce higher levels as compared to traditional landfills (Bashir et al. ) .
Physicochemical processes are used as a pre-treatment or a polishing treatment for landfill leachate, with coagulation-flocculation being one of the main chemical methods used for leachate pre-treatment (Chiang et al. ) . These methods are applied to remove suspended solids (SS) and recalcitrant substances such as humic acid or undesirable compounds like heavy metals, absorbable organic halides (AOX), and polychlorinated biphenyls (PCBs) from the leachate. This simple method outshines other advanced technologies like membrane and chemical oxidation technologies in terms of leachate pre-treatment application. The treatment mechanism of this method mainly consists of charge neutralization between negatively charged colloids and cationic hydrolysis products followed by amalgamation of impurities through flocculation (Duan & Gregory ) . Total suspended solids (TSS), as well as colloidal particles, are the main parameters removed by this process (Kurniawan et al. ) .
Coagulation-flocculation is mainly based on the electrical characteristics. Most of the particles present in the leachate are negatively charged (À30 to À40 mV). Therefore, they tend to replace each other. The majority of the coagulant chemicals are usually used to neutralize the negative charges on colloidal particles to avoid the repelling of these particles with each other (Wang et al. ) . The amount of coagulant that will be added to the leachate is related to the zeta potential, which is known as the electrical potential reflecting the voltage difference between the diffuse layer boundary and the dispersant (Kaszuba et al. ) . Therefore, in the case of large zeta potential, more coagulant is needed. The coagulants have positive charges which are attracted to the negative particles in solution;
hence, the combination of negative and positive charges results in a neutral charge and means the particles no longer repel each other (Wang et al. ) .
Currently, inorganic metal salts such as aluminum sulfate (alum), ferric chloride, and ferrous sulfate are the most common coagulants used for leachate coagulation-flocculation treatment (Aziz et al. , ) . Recently, utilization of polymerized metal coagulants such as polyaluminum chloride (PAC) has increased significantly for water treatment in many countries around the world due to their lower cost and wider availability (Ghafari et al. ; Liu et al. ) . The preponderance of PAC over conventional metal coagulants is also ascribed to its greater removal of organic matter, lower alkalinity consumption, and lesser sludge production (Zhao et al. ; Ghafari et al. ) .
In general, the conventional coagulants remove 10-25% COD from young leachate and 50-65% COD from stabilized leachate (Al-Hamadani et al. ). Several researchers have investigated the efficiency of inorganic coagulants for the treatment of mature landfill leachate. However, the usage of natural coagulant is not well documented.
The objective of this study was to investigate the efficiency of oil palm trunk starch-based coagulant (OPTS) as an alternative coagulant for semi-aerobic leachate treatment. The removal efficiency of turbidity, pH, SS, color, COD, manganese, copper, iron, zinc, ammonia-nitrogen, and phosphate was assessed by using OPTS and crosslinked oil palm trunk starch (C-OPTS) as an alternative coagulant and coagulant aid in tandem with PAC as the main coagulant. The unique composition of oil palm allows its versatility in different applications, such as food manufacturing, and the chemical, cosmetic, and pharmaceutical industries (Azoddein et al. ) . Knowledge of the basic characteristics of OPTS is helpful in understanding the binding mechanism and stability of OPTS in this study.
MATERIALS AND METHODS

Landfill leachate collection and characterization
Landfill leachate samples were collected from Pulau Burung Landfill Site (PBLS), Nibong Tebal, Pulau Pinang, Malaysia.
The operational area of the landfill is 33 ha and it has a leachate collection pond. The site has a natural marine clay liner and a semi-aerobic system, making it one of only three such sites in Malaysia. The landfill receives 2,200 tons per day of solid waste (Aziz et al. ) The blended slurry was transferred to a nylon bag and squeezed while the filtrate was collected in a plastic tray.
Then, the residue went through the same process again to extract residual starch. The final filtrate was sieved (212 μm) to remove impurities and left to settle for 60 min. The supernatant of the starch suspensions was discarded by tilting the tray. The starch suspensions were then mixed thoroughly with 1 L of 0.5% aqueous sodium bisulfite solution and left to settle for 30 min. The supernatant was removed as before and then distilled water (100 mL) was added to the residue. The mixture was centrifuged twice at 3,000 g for 5 min and filtered using vacuum filtration fitted with a 1.6 μm pore size fiberglass filter to wash and purify the extracted starch. The purified starch sediment was washed twice with 50 mL aliquots of acetone to remove water and oven-dried at 45 C overnight. Finally, it was lightly pounded into fine powder and stored until use.
C-OPTS was conducted according to the method by Guo et al. () with a slight ratio alteration. Twenty grams of OPTS was slurried with 150 mL deionized water in a stirred glass kettle. 0.3 g of sodium chloride (NaCl) and 2 mL of epichlorohydrin (ECH) were added to the mixture and continuously stirred at 25 C. After 15 min, potassium hydroxide solution (1.6 g KOH in 8 mL water) was added to the homogeneous slurry to create an alkaline condition and the mixture was continuously stirred for 18 h at 25 C.
The final concentration of ECH in the mixture was 1.3 w/w %. After that, the mixture was adjusted to pH 6 by using acetic acid and washed with distilled water and 95% ethanol using vacuum filtration fitted with a 1.6 μm pore size fiberglass filter. Finally, the C-OPTS was oven-dried at 45 C overnight to a constant weight, ground and screened. During rapid mixing, the coagulant was added into the beakers while the impellers were maintained at fast speed. After a certain rapid mixing period, the stirrers were set to a slower speed for another period. After that, the stirrers were stopped and the samples were left for final settling.
Then, the samples were withdrawn using a plastic syringe from 10 cm below the surface for the analytical determinations. Analyses were undertaken in triplicate.
Preliminary coagulant performance studies using jar tests were conducted to determine optimum pH and dosages for primary coagulants, i.e., PAC, OPTS, and C-OPTS. It is important that the preliminary optimum pH studies were performed first with controlled coagulant dosages. After that, the optimum pH was carried over to the preliminary optimum dosage studies as controlled pH, since the pH would have a major impact on coagulant dosage.
Zeta potential test was conducted to enhance the results of the jar test and justify the removal mechanisms of the coagulation process. Zeta potential can present a measure of the net surface charge on the particle and potential distribution at the interface. Consequently, zeta potential serves as an important parameter in the description of the electrostatic interaction between particles in dispersed systems and the properties of the dispersion as affected by this electrical phenomenon (Li & Tiau ) . In this study, the surface charge was evaluated using Malvern Zetasizer Nano ZS.
Measurements were taken at 25 C with distilled water as the dispersal medium. Analytical results from these preliminary studies were analyzed using Excel 
RESULTS AND DISCUSSION
Characteristics of leachate
The detailed characteristics of leachate samples are depicted in was suggested that bridging was the primary coagulation mechanism for OPTS. OPTS-leachate coagulation performance over dosage range of 0-2,000 mg/L at selected optimum pH of 7 is depicted in Figure 2 .
It was observed that the removal efficiency for some parameters has a negative value. It is believed that observation was due to the insufficient removal mechanism at a specific time when the coagulant dosage was added, which in turn caused an increase in the parameter concentration. A simi- 
Similar to its performance at different pH values, no
single specific optimum dosage was applicable to all the response parameters. Since the selected pH only favored certain response parameters (turbidity, COD, NH 3 -N, color, and Zn), the treatabilities of other pollutants, i.e., Cu, SS, and Fe, seemed suppressed. The removal efficiency had been aggravated compared to those in the previous optimum pH study (Figure 1 ), especially Cu, in which the removal had slumped from 95.6% (pH 7.5, 1,000 mg/L) to 10.7% (pH 7, 1,000 mg/L).
SS removal had also dropped from 72.0% (pH 5.7, 1,000 mg/L) to 22.5% (pH 7, 1,000 mg/L). This indicated that Cu and SS treatabilities were very sensitive to pH alteration. Zeta potential did not portray any significant change over varying OPTS dosages, identical to the findings in the OPTS preliminary optimum pH study. This indicated that electrostatic neutralization was not the major agglomeration mechanism of OPTS. Based on the results, 500 mg/L was selected as the overall optimum dosage by taking all the aforementioned parameters into consideration. OPTS coagulation performance at the selected optimum pH (pH 7) and dosage (500 mg/L) are summarized in Table 3 . It was readily obvious that the selection of optimum dosage had constrained the treatabilities of Mn (42.9% drop) and Zn (61.6% drop), which both had actually shown excellent 100% removals, with coagulant dosage of 50 mg/L and 1,000 mg/L, respectively, at the same pH value of 7. From the analyses of both preliminary optimum pH and dosage studies, OPTS had shown low removals of turbidity (38%, at pH 7 and 500 mg/L), SS (72.0%, at pH 5.7 and 1,000 mg/L), COD (45.6%, at pH 7 and 500 mg/L), color (31.1%, at pH 7 and 1,000 mg/L), NH3-N (42.9%, at pH 7 and 1,000 mg/L), and Fe (29.3%, at pH 9 and 1,000 mg/L) at their respectively preferred pH and dosage values.
C-OPTS as a primary coagulant (optimum dosage and pH)
C-OPTS showed the effectiveness of being used as a primary coagulant for the removal of heavy metals, i. In C-OPTS-leachate coagulation, zeta potential and floc size barely changed over pH values of 5-9. This demonstrated that electrostatic neutralization was not the primary coagulation. The floc size was relatively small due to unintentional sample tampering during testing. Identical to OPTS, C-OPTS coagulated predominantly by bridging mechanism. Therefore, the floc formed had low shear stability and easily broke down during floc size measuring.
C-OPTS facilitated destabilization of colloid particles by having functional groups like hydroxyl, amino (amine and amide), and methoxyl groups, which formed bridges with colloidal particle and attached onto the particle. Although the changes of zeta potential in treated leachate were very small, they still indicated the occurrence of coagulation by electrostatic patching mechanism.
The optimum pH of 8.3 was selected for C-OPTS coagulation based on multiple-parameter responses in this preliminary study, as shown in Figure 3 . This value was not only optimum for turbidity, NH 3 -N, Zn, and PO 4 3À removals, but falls within the optimum pH range of most responses (pH 7-9) as well. This could be an advantage in semi-aerobic landfill leachate treatment, as this study had found that the leachate pH was usually between pH 7.9 and pH 8.7.
Thus, pH adjustment of landfill leachate would not be necessary during coagulation-flocculation using C-OPTS.
C-OPTS coagulation performance at the selected optimum pH (pH 8.3) and dosage (1,000 mg/L) is summarized in Table 4 .
Unlike its native counterpart, C-OPTS worked better than OPTS as a bulk coagulant, as most optimum dosage values of the studied parameters were at 1,000 mg/L or close to 1,000 mg/L. The removal rates were fairly low and unsatisfactory, except Mn (100%) and PO 4 3À (100%). However, the COD (58%) and color (29.8%) removal rates were still greater than those of only the few natural coagulants ever tested as coagulants in landfill leachate treatment, It was ascertained that bridging was the dominant coagulation mechanism of C-OPTS, while electrostatic patching only carried little weight in C-OPTS coagulation. Based on the results, 1,000 mg/L was selected as the overall optimum dosage. The selection of C-OPTS was considered feasible as it only had minor effects on the removal rates of COD and NH 3 -N. Nevertheless, application of 1,000 mg/L was deemed as overdosing for Fe and Cu, by which both of them were dispersed and stabilized sterically, impeding precipitation; whereas the Fe and Cu compounds were partially oxidized and precipitated in untreated leachate sample. As a result, Fe and Cu concentrations in the treated landfill leachate sample surged up to 10 and 26.7% higher than those in the controlled leachate sample, respectively. C-OPTS had demonstrated low removals of turbidity (43.2%), SS (25%), COD (65%), color (39%), NH 3 -N (6.6%), Fe (1.5%), and Cu (48.9%) at their respectively preferred pH and dosage values.
This indicated that landfill leachate treatment using C-OPTS as primary coagulant was unsatisfactory, albeit the COD and color removals outperformed previous natural coagulants.
However, since the Mn, Zn, and PO 4 3À removals were approximately 80-100% at pH 8.3, it could be utilized as a selective coagulant for mineral recoveries, even from landfill leachate without any pH adjustment. Moreover, C-OPTS had a wide effective pH range for Mn removal up to 100%.
PAC as a primary coagulant (optimum dosage and pH)
PAC-leachate coagulation performance as a function of pH value is shown in Figure 5 . Generally, landfill leachate treat- optimum PAC dosage in landfill leachate coagulation was 8,000 mg/L. Since PAC did not exert any significant beneficial coagulation selectivity in both preliminary optimum pH and dosage studies, it was more feasible to apply a bulk coagulant. Hence, the optimum conditions of PAC selective coagulation are not elucidated here. ; (c) zeta potential and floc size, by using PAC (6,500 mg/L) as a primary coagulant.
PAC coagulation mechanisms were further ascertained based on the variations of zeta potential and floc size, as shown in Figure 6 . The phenomenon of adsorption was more discernible than that in preliminary PAC optimum pH study ( Figure 5 ). It was proven by the facts that Mn, Fe, Zn, and PO 4 3À could reach their optimal removals at far lower dosage values ( 3,000 mg/L), unlike other contaminants. Based on the treatabilities of these pollutants over PAC dosage range of 0-10,000 mg/L, it was possible that they were treated predominantly by adsorption. Their removal rates slumped after overdosing, but eventually coagulated by PAC through surface charge neutralization and sweep flocculation at a higher dosage. Therefore, considering the findings in both preliminary PAC studies, it was conclusive that adsorption, electrical double layer compression, and precipitation enmeshment were vital in PAC coagulability. They could be concomitant in landfill leachate coagulation. Their interactions were complex and the preponderance of each mechanism was dependent on target pollutants.
Comparison of coagulation performance
To recapitulate, coagulation performances of OPTS, C-OPTS, and PAC in landfill leachate treatment are juxtaposed based on the studied parameters in hardly portray any significant coagulation selectivity and failed to work as a selective coagulant. Hence, OPTS was the superior selective coagulant among the three studied coagulants, followed by C-OPTS. From the standpoint of coagulation mechanism, the PAC coagulation mechanism was more complicated, most likely comprising adsorption, electrostatic neutralization, and sweep flocculation. Tests revealed that predominance of these mechanisms in PAC coagulability was indefinite and dependent on coagulation conditions. They might even occur concomitantly with equal intensities. In contrast, both C-OPTS and OPTS triggered aggregation in landfill leachate predominantly by bridging mechanism and followed by electrostatic patching mechanism. High acidic and alkaline conditions were generally preferred for maximum flocculation performance. 
CONCLUSION
In this study, the application of the coagulation-flocculation process to semi-aerobic leachate has been examined using oil palm trunk starch (OPTS) and crosslinked oil palm truck starch (C-OPTS) and compared with PAC. OPTS demonstrated superior feasibility as a selective coagulant, targeting heavy metals such as Mn (100% removal), Cu (95.6% removal), Zn (100% removal), and PO 4 3À (100% removal), whereas C-OPTS can be employed as both bulk and selective coagulants. In terms of bulk coagulation application, optimum pH and dosages values for OPTS, C-OPTS, and PAC were pH 7 and 500 mg/L, pH 8.3 and 1,000 mg/L, and pH 7 and 8,000 mg/L, respectively.
Moreover, at optimum pH and dosage levels, C-OPTS prevailed over PAC in Mn, Zn, PO 4 3À , and COD removals by huge margins of 100%, 54.8%, 24.3%, and 17.1%, respectively, without any pH adjustments and with optimum dosage 87.5% lower than that of PAC, albeit PAC was more effective in overall performance. Therefore, OPTS could be a feasible selective coagulant in semi-aerobic landfill leachate treatment, benefitting metal recovery; while C-OPTS would be a suitable alternative coagulant in the PAC-integrated coagulation-flocculation system, complementing PAC coagulability and reducing PAC effective dosage.
